Abstract We have isolated a human cDNA encoding a protein of 1288 amino acids that shows 77% identity in amino acid sequence to XCAP-C, Xenopus chromosome-associated polypeptide-C, belonging to the family of structural maintenance of chromosomes (SMC), which is known to play a crucial role in the proper condensation and segregation of mitotic chromosomes. In particular, an almost 200-aminoacid domain in the N-terminal, including an NTP-binding motif and that in the C-terminal domain, including a DAbox, were well conserved and showed 95% identity between human and frog, indicating that these two domains are functionally very important. The transcript of this gene was expressed ubiquitously in various human tissues, but thymus, testis, and colon seemed to express this gene more abundantly. We also determined its chromosomal location at 3q26.1 by fluorescence in situ hybridization.
Introduction
Fusion experiments in mitotic and interphase cells have indicated the presence of chromosome-condensing factor(s) in mitotic cells (Johnson and Rao 1970; Rao et al. 1977) . Upon fusion with mitotic cells, the chromatin in interphase cells is condensed and exhibits various forms of prematurely condensed chromosomes, depending on the phase of the cell cycle. The condensation process is essential for the appropriate distribution of genetic material into daughter cells. Further, the transcriptional process from the mitotically condensed chromosomes is completely blocked during mitosis. Cells obviously have regulatory mechanisms that allow condensation of chromatin to occur at precisely the correct time in the cell cycle. Recent studies have revealed that structural maintenance of chromosomes (SMC) genes were required for the proper condensation and segregation of mitotic chromosomes. As members of the SMC family, two Xenopus genes, XCAP-C and XCAP-E, were cloned and shown to be involved in both the assembly and the structural maintenance of mitotic chromosomes (Hirano and Mitchison 1994) , although the mechanism by which these proteins play a role in the cell cycle is not fully understood. In addition, whether other molecules are associated with SMC remains to be elucidated.
Our group has attempted to determine the 5Ј partial nucleotide sequences of randomly selected cDNA clones (Sudo et al. 1994; Tanaka et al. 1996) . During this process, we found a cDNA clone that encodes a protein showing a significant similarity to XCAP-C. We report the isolation, chromosomal assignment, and characterization of a possible human homolog of one of the structural maintenance of chromosomes (SMC) family, XCAP-C.
Isolation and characterization of a human cDNA homologous to the Xenopus laevis XCAP-C gene belonging to the structural maintenance of chromosomes (SMC) family particular, XCAP-C (Xenopus chromosome-associated polypeptide-C, Genbank accession number U13673) of Xenopus laevis. Using the 0.5-kb cDNA insert of this clone as a probe, we screened a human thymus cDNA library (approximately 1×10 6 plaques). The nucleotide sequences of the cDNA clones were determined with an ABI Prism 377 DNA sequencer (Applied Biosystems, Foster City, CA, USA), using T3, T7, or synthetic oligonucleotide primers according to the manufacturer's instructions.
Northern-blot analysis
Human multiple-tissue blots (Clontech, Palo Alto, CA, USA) were hybridized with a cDNA fragment, 28A1TH7, and labeled by the random oligonucleotide priming method. Pre-hybridization, hybridization, and washing were performed according to the supplier's recommendations. The blots were auto-radiographed with intensifying screens at -80°C for 24 h.
Fluorescence in situ hybridization (FISH)
A human genomic library cloned in the BAC vector pBeloBAC11 (Genome Systems Inc., St. Louis, MO, USA) was screened according to the manufacturer's instructions. To determine the chromosomal location of the gene, we performed FISH as previously described (Inazawa et al. 1993) .
Results
From our cDNA sequence database, derived from several human cDNA libraries, we isolated a cDNA clone (termed 28A1) whose 5Ј partial sequences were highly homologous to the XCAP-C (Xenopus chromosome associated polypeptide-C) gene of Xenopus laevis. We subsequently screened a human thymus cDNA library (almost one million independent plaques), using the 0.5-kb cDNA insert of this plasmid as a probe, and isolated eight cDNA clones. Assembling DNA sequences of these clones, we determined the entire coding nucleotide sequence of the cDNA. The cDNA consists of 4086 nucleotides, including an open reading frame of 3864 nucleotides that encode a 1288-amino-acid peptide (DNA sequences are not shown, but are available from (Fig. 2) , although thymus, testis, and colon seemed to express the gene more abundantly than other tissues. The cDNA sequence we identified was considered to correspond to the larger transcript. To investigate the transcript corresponding to the smaller band, we reverse transcribed mRNAs isolated from tissues of the thymus and testis. We polymerase chain reaction (PCR)-amplified the entire sequence of hCAP-C cDNA using four primer sets, but found no alternatively-spliced transcript in these tissues. Since the DNA sequences of the eight cDNA clones did not indicate the presence of alternative polyA sites, it is likely that the smaller band reflected cross-hybridization to the transcript of some related gene (s).
Fluorescence in situ hybridization (FISH), using a BAC clone including the hCAP-C gene as a probe, showed clear twin signals specifically on chromosomal band 3q26.1; no signals could be detected on any other chromosomes in 100 metaphase cells examined (Fig. 3) .
Discussion
Members of the SMC (structural maintenance of chromosomes) family play an important role in the structural maintenance and remodeling of chromosomes in both prokaryotes and eukaryotes. SMC proteins have been shown to be involved in chromosome condensation, sisterchromatid cohesion, sex-chromosome dosage compensation, genetic recombination, and DNA repair (Chuang et al. 1994; Lehmann et al. 1995; Jessberger et al. 1996; Guacci et al. 1997; Strunnikov 1998) . We have described here the isolation, chromosomal assignment, and expres- Genbank; the accession number is AB019987).
A homology search using the FASTA program (Genome Net) revealed that this predicted protein was similar to proteins belonging to the structural maintenance of chromosomes (SMC) family, in particular, Xenopus laevis XCAP-C, and yeast cut3 (Hirano and Mitchison 1994; Saka et al. 1994; Sutani and Yanagida 1997) , with 77% and 38% identities in amino acids, respectively (Fig. 1a) ; 25%-30% identities in amino acids were observed between the novel human homolog and other SMC proteins, including Caenorhabditis elegans DPY-27, yeast SMC1, and Bacillus subtilis SMC (Strunnikov et al. 1993; Chuang et al. 1994; Kunst et al. 1997) . Hence, we designated this gene hCAP-C. A comparison of the deduced amino acid sequences of hCAP-C and XCAP-C indicated a similarity of the overall structures that share the following conserved characteristics (Fig. 1b) . First, both the N-terminal conserved domain of almost 200 amino acids, including a putative nucleotide binding motif and the C-terminal conserved region of about 200 amino acids containing a DA-box that is common to the SMC family members, revealed 95% identity in amino acids with those of the Xenopus counterpart. In addition, the almost 170-amino-acid central portions were also well conserved between human and Xenopus, and showed an 85% identity. Second, the secondary structures predicted by the COILS program (Lupas et al. 1991; Frere et al. 1995) indicated that these three conserved regions were connected by two long alpha-helical regions. The sequence of these connected regions consists of heptad repeats, suggesting that they can form coiled-coil structures.
Northern-blot analysis, using cDNA as a probe, detected two transcripts, of 4.0 kb and 4.4 kb, in all human tissues sion pattern of a novel human gene with high sequence similarity to members of a SMC family, in particular to XCAP-C. XCAP-C, and XCAP-E, the SMC homologs in Xenopus isolated from mitotic egg extracts, which, presumably, exist as a heterodimeric form in the extracts and are recruited to a discrete internal structure in the assembled chromosomes (Hirano and Mitchison 1994) . They were also shown to be physically associated with condensed chromosomes as part of a multiprotein complex called "condensins" (Hirano et al. 1997) . SMC family proteins can be classified into two subfamilies based on the sequence differences within the conserved C-terminal region (Strunnikov et al. 1995) . XCAP-C and yeast cut3, which belongs to the SMC1 subfamily, can form complexes with XCAP-E and yeast cut14 belonging to the SMC2 subfamily, respectively.
Comparison of the predicted peptide sequences of hCAP-C and XCAP-C revealed 77% identity. Very high conservation was observed in the three regions, in the Nterminal (95% identity in amino acids), central (85%), and C-terminal (95%) regions, each of which consisted of almost 200 amino acids. The N-terminal conserved region is considered to include a putative nucleotide binding motif, and the C-terminal conserved domain is considered to contain the DA box (Fig. 1b) . These motifs are also highly conserved in other members of the SMC family, such as DPY-27 and yeast SMC1 (80%-90% identities), although the overall amino-acid sequence identity of hCAP-C with these members is only about 30%. Northern-blot analysis showed that hCAP-C was ubiquitously expressed in all the tissues examined, although thymus, testis, and colon seemed to express their transcripts more abundantly than other tissues. As to the band corresponding to the 4.0-kb transcript, reverse transcription (RT)-PCR and subsequent DNA sequencing experiments excluded the possibility of alternative splicing. The possibility of alternative poly A is also unlikely because none of the eight cDNA clones we isolated indicated any alternative poly A site. Hence, it is more likely that the smaller band reflected cross-hybridization to the transcript of some related gene (s). On the basis of its sequence similarities and conserved motifs with respect to other SMC proteins, we suspect that hCAP-C plays an important role in cell cycle-dependent changes of higher order chromosome structure.
We mapped hCAP-C to chromosome 3q26.1. Chromosome band 3q26 is reported to be the site of the breakpoint of the recurring translocations and inversions observed in patients with myeloid leukemias and also to be amplified in some solid tumors, such as oral or head-and-neck squamous cell carcinomas, cervical carcinomas, ovarian cancers, and glioblastomas (Kim et al. 1995; Arnold et al. 1996; Heselmeyer et al. 1997; Sonoda et al. 1997; Liehr et al. 1998; Wolff et al. 1998) . Further, most of these were advancedstage tumors and these findings indicate that some gene(s) at 3q26 contribute to the progression of these highly malignant neoplasms. Overexpression of this gene might provide some advantages to cancer cells, but further investigation is required to elucidate whether hCAP-C may be involved in human carcinogenesis.
